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Offshore wind farms changed
the spatial distribution of
chlorophyll-a on the sea surface

Zhengyu Lu, Guoqing Li*, Zhe Liu and Luyan Wang

School of Resources and Environmental Engineering, Ludong University, Yantai, China
Offshore wind farms (OWFs) have developed rapidly in recent years. However, it

is difficult to accurately evaluate their impact on marine ecosystems and the

marine environment due to the complexity of marine dynamic monitoring and

various marine environment evaluation indicators. The spatial distribution of

chlorophyll-a (Chl-a) on the surface of seawater is one of basic spatial

information of the sea area, which is the key determines the distribution and

productivity of offshore biological resources at different spatial levels.

Evaluating the impact of OWFs on the spatial distribution of Chl-a is of

significance but the research carried out to date has been scarce. In this

study, 682 Landsat images were selected from 1990 to 2021 as well as 38OWFs

from around the world as the research areas. The spatial distribution of Chl-a

on the sea surface was calculated using the O’Reilly band ratio OC2 algorithm

and HU color index (CI) algorithm and the influence of OWFs on the spatial

distribution pattern of Chl-a was determined by using the global and local

Moran Indexes. Among the 38 wind farms, it was found that: (1) the spatial

autocorrelation of Chl-a concentration at 37 wind farms increased after the

construction of the wind turbines; (2) the spatial distribution pattern of Chl-a at

28 wind farms showed pronounced aggregation after the construction of the

wind turbines. Therefore, it was determined that the construction of OWFs will

change the spatial distribution pattern of Chl-a, which may affect the original

balance of local marine ecosystems.

KEYWORDS

Offshore wind farm, chlorophyll-a, Moran ’s Index, marine ecosystem,
environmental change
Introduction

The construction of OWFs plays an important role in reducing carbon emissions (Li

et al., 2022), so there has been large-scale construction of OWFs in recent years. However,

the development of OWFs has impacts on marine organisms (Andersson, 2011; Tricas

and Gill, 2011; Coates et al., 2014; Raoux et al., 2017; Oh et al., 2021; Pollock et al., 2021),
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marine water quality (Kamermans et al., 2018), birds (Furness

et al., 2013) and sediments (De Borger et al., 2021). In particular,

OWFs adversely affect the marine ecological environment and

the behavior, physiology, growth and survival of marine

organisms (Methratta and Dardick, 2019; Mavraki et al.,

2020). Previous studies have played a very positive role in

promoting the sustainable development of OWFs. That is,

changes in local marine dynamics at the turbine base may

affect the behavior, distribution and physiological state of

marine animals (Methratta and Dardick, 2019), and local

climate changes may be caused by fan operation. OWFs

ultimately affect the marine environment and marine

ecosystem by changing the local climate and marine dynamics

(Degraer et al., 2020; van Berkel et al., 2020). However, due to the

complexity of dynamic marine monitoring and the diversity of

marine environment evaluation indicators, it is difficult to

accurately evaluate the impact of wind farms on marine

ecosystems and the marine environment. Therefore, a more

detailed analysis of the impacts of OWFs on representative

factors of the marine environment may play an important role

in better understanding the impacts of wind farms on marine

ecosystems (Fishman and Graedel, 2019; Pryor et al., 2020).

Chlorophyll-a (Chl-a) is one of the main dye in

phytoplankton and an indicator of marine primary

productivity and an important parameter for evaluating the

degree of marine water quality and organic pollution (Zhang

et al., 2019; Wang et al., 2020). The spatial distribution pattern of

seawater Chl-a is a reflection of basic marine spatial information

and determines the distribution status and production capacity

of offshore living resources at different spatial levels (Zhang et al.,

2019; Callbeck et al., 2021). Therefore, the evaluation of the

impact of OWFs on the spatial distribution pattern of Chl-a

would be of significance.

Benassai et al. (2014) used MERIS data when determining

the correlation between the OWFs in Europe and the

sustainability index and found an increasing trend in

the concentration of Chl-a in the vicinity of the OWF in the

North Sea (Benassai et al., 2014). Floeter et al. (2017) also found

that the concentration of Chl-a near the North Sea OWF

increased by combining the measured Chl-a with a MODIS

image. Additionally, they proposed that the increase in Chl-a

concentration near OWFs was probably the result of the

upwelling of lower phytoplankton (Floeter et al., 2017). This

prior research is helpful to determine the impact of OWFs on

marine ecology. However, the Chl-a of OWFs is greatly affected

by tidal currents and waves and verification of these findings, for

example with high spatial resolution, through numerous studies

and considering global OWF distribution areas, is lacking.

Therefore, the present study used Landsat data from 1990 to

2021 to calculate the Chl-a concentration of typical OWFs

around the world and applied this to determine the impact of

OWFs on the spatial distribution of Chl-a on the sea surface.
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Data and methods

Data resources

Landsat 5 and Landsat 8 data: From Landsat 5 and Landsat 8

data from the Google Earth Engine (GEE) platform from 1990 to

2021, remote sensing images with cloud cover of less than 5%

were selected. These included 423 Landsat 5 images from 1990 to

2012 and 259 Landsat 8 images from 2013 to 2021.

Offshore wind farms (OWF) locations: A global OWF

dataset was developed using geospatial technology and

advanced mathematical operations on the GEE platform using

earth observation Sentinel 1 SAR time-series imagery. It was

verified that the extraction accuracy of this data set exceeded

99% (Zhang et al., 2021).
Study area

OWFs in Europe and China were selected as the research

object. These OWFs were divided according to their

construction date. The OWFs in Europe were denoted WF1–

WF36 and those in China were denoted WF37–WF38. The total

number of Offshore wind turbines(OWTs) in the OWFs was

4263, accounting for 85.4% of global OWTs (Dıáz and Guedes

Soares, 2020). The location of the study area is shown

in Figure 1.
Methods

Calculation of Chl-a
OC2 algorithm and HU color index (CI) algorithm are used

in this paper. When Chl-a > 0.3 mg·m–3, the O’Reilly band ratio

OC2 algorithm was used, as shown in equation (1) (O’Reilly

et al., 2000).

ChlOC2 = 10y

y = a0 + a1x + a2x
2 + a3x

3 + a4x
4

x = log10
Rrsðlblue)
Rrsðlgreen)

� � (1)

The OC2 algorithm is a fourth-order polynomial

relationship between a ratio of Rrs and Chl-a. The terms a0–a4
are derived from the NASA Ocean Color website (https://

oceancolor.gsfc.nasa.gov/atbd/chlor_a/) and were a0 = 0.1977,

a1 = –1.8117, a2 = 1.9743, a3 = –2.5635 and a4 = –0.7218 in the

Landsat sensor.

When 0 mg·m–3< Chl-a ≤ 0.25 mg·m–3, the HU color index

(CI) algorithm was used, as shown in equation (2) (Hu et al.,

2012).

ChlCI = 10−0:4909+191:659*CI (2)
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Here, ChlCI is the concentration of Chl-a calculated by HU

color index (CI) algorithm, as shown in equation (3). (Hu, 2011)

CI = Rrsðlgreen) − ½Rrsðlblue) + (lgreen − lblue)=
(lred − lblue)* Rrsðlred) − Rrsðlblue)ð Þ�

(3)

The CI value in equation (2) is derived from equation (3).

(Hu, 2011) Rrs is the surface reflectance, where lblue, lgreen and
lred are the instrument-specific wavelengths closest to 443, 555

and 670 nm, respectively; these correspond to the blue, green

and red wavelength bands lblue, lgreen and lred in the Landsat

satellite, respectively.

When 0.25 mg·m–3< Chl-a ≤ 0.3mg·m–3, a hybrid algorithm

of the two algorithms was used, as shown in equation (4).

Chl – a = a� ChlOC2 + b � ChlCI (4)

Here, a = (ChlCI – 0.25)/(0.05) and b = (0.3 – ChlCI)/(0.05)

(Hu et al., 2012). Finally, equation (5) for calculating the Chl-a of

the sea surface was obtained.

Chl – a = ChlCI½for 0 < ChlCI ≤ 0:25mg m−3�
ChlOC2 ½for ChlCI > 0:3mg m−3�
a� ChlOC2 + b � ChlCI ½for 0:25 < ChlCI ≤ 0:3mg m−3�

(5)

This refinement was restricted to relatively clear water and

the general impact was to reduce artifacts and biases in clear-

water chlorophyll retrievals due to residual glint, stray light,

atmospheric correction errors, and white or spectrally-linear

bias errors in Rrs. In this algorithm, the value range was first

determined by the Chl-a concentration calculated by CI

algorithm, and then the algorithm was selected to calculate

according to different value ranges.

The OC2 and CI algorithms not only have high accuracy, but

also can smooth and smooth the transition in different Chl-a

ranges(https://oceancolor.gsfc.nasa.gov/atbd/chlor_a/). After

that, the algorithm was adopted by multiple studies, and the

CI algorithm performed better in low-concentration Chl-a (<

0.25 mg•m-3). Brewin et al. evaluated the inversion precision of

Chl-a in the Red Sea using this algorithm, and found that the

precision and accuracy of the algorithm in the Red Sea were

comparable to those in the global ocean (Brewin et al., 2013).

Seegers et al. compared the global oceanic Chl-a data acquired by

different algorithms and adopted the in-situ measurement data

set of Chl-a for verification, and found that the error between the

results of HU algorithm and OC algorithm was the lowest

(Seegers et al., 2018). In addition, many studies show that the

Chl-a algorithm based on CI in this paper further reduces the

instrument noise and the error caused by atmospheric correction

(Brewin et al., 2016; Wang and Son, 2016). Therefore, we believe

that the Chl-a algorithm used in this paper is reasonable and can

obtain accurate results.
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Global Moran’s I
The global Moran’s index (I) is a rational number. After

variance normalization, its value will be normalized to between –

1.0 and 1.0 (Moran, 1950). Values in the [–1,0] interval have a

negative spatial correlation and values in the [0,1] interval have a

positive spatial correlation. The larger the value, the higher the

spatial correlation. Moran’s I is calculated using equation (6).

I =
n

on
i=1on

j=1wij
�o

n
i=1on

j=1wij(yi − �y)(yj − �y)

on
i=1(yi − �y)2

(6)

Here, n is the total number of regional units. yi and yjare

random variables that are the attribute values in geographic units

i and j; in this study, i and j were the Chl-a concentration values

of the geographic unit. y is the average value of the sample

attribute values of n spatial units; that is, the average Chl-a

concentration in the whole OWF. wijis the weight matrix of

geographical units adjacent to each other; that is, the spatial

weight value (Anselin, 2019).

Local Moran’s I
The local Moran’s I was used to analyses the impact of OWFs

on Chl-a concentration in their region. The calculation of the local

Moran’s index passed the significance test (p ≤ 0.05) and output the

results, which were divided into four types:high-value (HH)

clustering, low-value (LL)clustering and abnormal values (HL)

where the high value is mainly surrounded by low value, and

abnormal value (LH) where the low value is mainly surrounded by

high value (Khosravi et al., 2018). In this study, HH and LL patterns

represented spatial aggregates of Chl-a with high and low values at

the center, respectively. HL mode represents Chl-a outliers with

high values mainly surrounded by low values and the LH mode

represented Chl-a outliers with low values mainly surrounded by

high values.

The local Moran’s I of region i is calculated using equation

(7).

Ii =
(yi − �y)

1
no(yi − �y)2o

n

i≠j
wij(yj − �y) (7)

Here, n is the total number of Chl-a pixels in the OWFs’

areas. yi and yj are the attribute values of the i
th geographical unit

and the jth geographical unit; that is, the concentration of Chl-a.

y is the average value of the sample attribute values of n spatial

units; that is, the average Chl-a concentration in the whole OWF

area. wij is the spatial weight value (Anselin, 1995).

Using the O’Reilly band ratio OC2 algorithm and HU CI

algorithm, the Chl-a concentrations of the Landsat 5 and

Landsat 8 data from the GEE platform were calculated

(https://code.earthengine.google.com/chla). All Landsat data

have been atmospheric corrected. These calculated results were
frontiersin.org
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exported to the local computer and the global Moran’s I and

local Moran’s I were then calculated using ArcGIS10.7.
Results

Spatial autocorrelation of Chl-a in
OWFs increased

According to the construction date of the OWFs, the global

Moran’s I was divided into pre-construction and post-

construction. The mean and standard deviation of the global

Moran’s I before and after construction are shown in Figure 2.

The average value of the global Moran’s I increased by different
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degrees after the wind farms are built. The global Moran’s I

increased for 97.3% of all OWFs. Compared with before the

construction, the global Moran’s I after the construction of the

OWFs had a maximum value of 0.665 and a minimum value of

0.003. Therefore, it was concluded that the construction of the

OWFs has an impact on the spatial distribution pattern of Chl-a.
Aggregation of Chl-a at OWFs

Based on the global Moran’s I, the local Moran’s I results of

38 study areas were compared and analyzed. The number of

pixels of high-value clustering (HH) and low-value clustering

(LL) in each study area were counted and it was found that the
FIGURE 2

Mean change in global Moran’s I before and after OWF construction.
FIGURE 1

Location map of OWFs.
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spatial distribution pattern of Chl-a at 73.7% OWFs and the

number of HH and LL pixels had increased significantly, as

shown in Figure 3. A comparison of the average values of HH

and LL before and after OWF construction revealed that the

number of HH pixels increased by 90.7% while the number of LL

pixels increased by 68.9%. This indicated that HH and LL

increased in the spatial distribution pattern of Chl-a

concentration and that HH increased more than LL for these

OWFs. Therefore, it appeared that the construction of OWFs

resulted in significant aggregations of Chl-a.

To determine the spatial aggregation changes of Chl-a before

and after OWF construction, the local Moran’s I aggregation
Frontiers in Marine Science 05
pattern of the above OWFs was also compared, some typical

OWFs as shown in Figure 4. The aggregation of Chl-a changed

significantly after OWF construction compared with that before

OWF construction. The distribution of HH and LL pixels before

OWF construction was scattered but, after OWF construction,

HH and LL pixels were aggregated. This indicated that high and

low concentrations of Chl-a accumulated spatially. Therefore,

through the above comparative analysis, it was concluded that

the construction of OWFs affected the spatial distribution

pattern of Chl-a.

The local Moran’s I analysis results of the 28 OWFs revealed

that there was a higher concentration of Chl-a after OWF
FIGURE 3

Spatial distribution pattern of Chl-a showing obvious aggregation before and after OWF construction.
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FIGURE 4

The local Moran’s I aggregation pattern before and after OWF construction.
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construction than before. Not only was there an increase in the

number of HH and LL pixels but HH and LL pixels also had

more concentrated spatial distribution patterns than before

construction. Therefore, it was concluded that OWF

construction led to the aggregation of Chl-a.
Areas with no significant aggregation
of Chl-a

According to the local Moran’s I results, there were 10

OWFs where Chl-a did not show significant aggregation.

Therefore, the same method as used above was used to

compare the changes in the local Moran’s I within these

OWFs. The results are shown in Figure 5.

The changes in the number of HH and LL pixels had no

unified trend and no significant increase in the number of HH

and LL pixels was found (Figure 5). There was no obvious

change in the spatial distribution pattern of Chl-a before and

after OWF construction and even a decrease in the number of

HH and LL pixels was observed after the construction of some

OWFs, such as WF5. To further explore this phenomenon,

spatial HH and LL changes based on the local Moran’s I were

compared, some typical OWFs as shown in Figure 6.

For WF19, WF20, WF21, WF25, WF26, WF27 and WF30,

no significant HH or LL Chl-a spatial aggregation after OWF

construction was found: the HH and LL picture elements still

had decentralized distributions. For WF5, WF7 andWF10, there

was greater HH and LL Chl-a spatial aggregation before OWF

construction. Even after the construction of WF5, the number of

internal HH and LL pixels decreased. This irregular spatial

variation of Chl-a concentration indicated that the
Frontiers in Marine Science 07
construction of these OWFs did not cause significant

concentrations of HH and LL.

Through the above analysis, the changes in Chl-a

concentrations for all OWFs were determined. Across 38 study

areas, the spatial distribution pattern of Chl-a concentration at

28 OWFs showed aggregation after the OWF construction,

accounting for 73.7% of the total number of OWFs. For the

other 10 OWFs, accounting for 26.3% of the total number of

OWFs, no significant trends in the spatial distribution patterns

of Chl-a concentration were found. Therefore, it was concluded

that the construction of OWFs has a certain impact on Chl-a

concentration, which is manifest as the aggregation of HH

and LL.
Discussion

Reasons for Chl-a aggregation

The global Moran’s I results revealed that the spatial

autocorrelation of Chl-a concentration increased after the

construction of 37 out of the 38 OWFs. This indicated that the

increase in Chl-a spatial autocorrelation was related to OWF

construction. The construction of an OWF changed the Chl-a

concentration in the region; that is, the phytoplankton in the

region was affected. However, the increase in spatial

autocorrelation did not mean that the Chl-a concentration had

increased or decreased; rather, it was only a reflection of the

spatial correlation between concentrations.

The local Moran’s I results revealed that HH and LL Chl-a

concentrations occurred. That is, there were both high-

concentrat ion Chl-a concentration areas and low-
FIGURE 5

Spatial distribution pattern of Chl-a showing no obvious changes after OWF construction.
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concentration Chl-a concentration areas near the OWFs. It is

thought that an increase in Chl-a concentration is due to an

increase in the mean photosynthetic active radiation underwater

and a decrease in nutrient concentration, resulting in

pronounced eutrophication (McQuatters-Gollop et al., 2007;

Alvarez-Fernandez and Riegman, 2014). Studies have also

shown that the hard substrate of the OWT attracts many

benthic organisms, turning the area into their habitat. This in

turn causes local changes in phytoplankton—such as algae—in
Frontiers in Marine Science 08
the seawater (Gill et al., 2018; Michaelis et al., 2019; Voet et al.,

2022) and changes the spatial distribution pattern of Chl-a in

the area. Additionally, the eddy currents generated during the

operation of the turbines in the OWFs cause an increase in the

turbulence in the upper and middle seawater layers, which leads

to the upwelling of nutrients and phytoplankton in the seawater

and finally results in significant discontinuous changes in the

phytoplankton concentration in the vicinity of the OWFs

(Floeter et al., 2015). This effect is also related to the size of
FIGURE 6

Local Moran’s I with no obvious change areas after OWF construction.
frontiersin.org

https://doi.org/10.3389/fmars.2022.1008005
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Lu et al. 10.3389/fmars.2022.1008005
the OWTs (Tweddle et al., 2016). The aggregation of HH Chl-a

concentrations may be because phytoplankton, such as algae,

cover individual OWFs (Pedersen et al.), or due to the increase of

phytoplankton upwelling in the thermocline. The reason for LL

aggregation is the gathering of fish and shellfish near OWFs. The

aggregation of these marine predators, which feed on

phytoplankton, results in a decrease in the Chl-a

concentration, but this often occurs in a small-scale spatial

range (Wilhelmsson and Malm, 2008; Krone et al., 2013). In

the present study, the Chl-a concentration in the vicinity of the

OWFs did not simply increase or decrease but showed high-

value and low-value aggregation in the spatial distribution.

Therefore, this effect needs further study.

According to the results of the present study, before and after

the construction of the OWFs in 10 regions, there was no

identifiable trend in the spatial distribution of Chl-a within the

region. Of these OWFs, WF19, WF20, WF21, WF25, WF26 and

WF30 are in the southeast of the North Sea in Europe. From the

research results on the spatial-temporal evolution trend of Chl-a

in the North Atlantic Ocean, it is possible that the evolution

trend in offshore Chl-a may be affected by ocean currents and

become part of multi-decade changes. As these OWFs are far

offshore compared to other OWFs, they are more likely to be

affected by the North Atlantic Ocean currents (Queste et al.,

2013; Zhang et al., 2018).

In addition, the region with no obvious trend in the spatial

distribution in this study coincided with low PH areas in the

North Sea, which resulted in a decrease in phytoplankton and a

decrease in Chl-a concentration (Artioli et al., 2012). Low Chl-a

concentrations combined with significant changes in ocean

currents resulting in no significant accumulation of Chl-a in

the spatial distribution pattern in the above regions.
Impacts of OWFs on marine ecosystems

The number of OWFs around the world is increasing. To

reduce carbon emissions and make efficient use of wind energy, a

clean energy source, the global development of offshore wind

power technology is rapidly progressing. But the development of

offshore wind power will bring certain ecological impacts. In this

paper, the marine environment is evaluated by using the Chl-a

retrieved from remote sensing images. this method is of great

significance to the ecosystem value (Wang et al., 2021), coastal

ecological change (Chen et al., 2022), land use monitoring (Chen

et al., 2021), and so on.The results of this study revealed that the

construction of OWFs caused HH and LL spatial concentrations

of Chl-a. This indicated that the OWFs affected the distribution

of phytoplankton, with areas of increased phytoplankton

biomass aggregation (HH) and areas of decreased

phytoplankton biomass aggregation (LL). Because of this

aggregation of phytoplankton near OWFs, the feasibility of the
Frontiers in Marine Science 09
co-location of OWFs and aquaculture has been explored via

numerous studies. This approach is based on the belief that the

co-location of aquaculture with OWFs would consume increased

Chl-a concentrations (Pogoda et al., 2011; Jansen et al., 2016; von

Thenen et al., 2020) and provide a mutually beneficial solution

with positive impacts on the marine ecosystem.
Conclusion

The development of offshore wind energy contributes to

goals such as saving energy and reducing carbon emissions.

However, as thousands of offshore wind turbines enter the

oceans, determining their ecological impact is also important.

In this study, changes in the concentration of Chl-a—which is

closely related to the marine ecosystem—were selected to

determine the impact of the construction of OWFs on the

marine ecological environment. Through a comparative

analysis of the spatial distribution pattern and spatial

autocorrelation of Chl-a before and after the construction of

OWFs, it was found that the OWFs resulted in a concentration

of the spatial distribution pattern of Chl-a and the co-occurrence

of HH and LL concentrations in each OWF area. These results

indicated that there were increased and decreased risks relating

to the concentration of seawater Chl-a arising from the

construction of OWFs.

With the booming development of offshore wind power, not

only will many OWTs enter the sea in the future but the

decommissioning and dismantling of OWTs will also occur.

Minimizing the negative impact of the construction and

dismantling of OWTs on the marine ecological environment is

of great significance for the sustainable development of offshore

wind power. Determining the spatial variation of Chl-a could

provide insights into the impacts of the development of offshore

wind power in the future and be conducive to designing and

formulating a reasonable installation or removal plan to obtain

the optimal environmental effect.
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